Abstract. The present study investigates the formation mechanism of hollow SnO 2 nanofibers and the form of nanograin growth in nanofibers. SnO 2 hollow nanofibers were fabricated by directly annealing electrospun polyvinylpyrrolidone (PVP)/Sn precursor composite nanofibers. In this approach, an appropriate proportion of PVP/Sn precursor with co-solvents established a system to form core/shell PVP/Sn precursor structure, and then PVP was decomposed quickly which acted as sacrificial template to keep fibrous structure and there existed a Sn precursor/SnO 2 concentration gradient to form hollow SnO 2 nanofibers due to the Kirkendall effect and surface diffusion during the calcination process. This deduction was also confirmed by experimental observations using transmission electron microscopy. The study suggested that surface diffusion and lattice diffusion were both driving force for nanograin growth on the surface of SnO 2 nanofibers. As supporting evidence, the tetragonal rutile SnO 2 hollow nanofibers were also characterized by X-ray diffraction, scanning electron microscopy and Brunauer-Emmett-Teller analysis.
Introduction
SnO 2 is an oxide semiconductor with many applications in the areas of sensors [1, 2] and optoelectronic devices [3, 4] . The properties of SnO 2 in various forms such as nanoparticles [5] , nanowires [6] , nanobelts [7] and other one-dimensional nanostructures have been extensively studied. In comparison with solid one-dimensional nanomaterials, nanotubes gain the advantages in practical applications to catalysts and gas sensors, owing to their higher surface-to-volume ratio. Generally, the conventional methods for preparing SnO 2 nanotubes by selfassembly [8] and templates directed process [9] often suffer from strict synthesis conditions or tedious procedures. Electrospinning has been considered as a simple and efficient method for fabricating nanofibers including organic and inorganic materials.
However, templates and the co-electrospinning technique [10] had to be used for forming inorganic nanotubes. Herein, one-step method for the fabrication of SnO 2 hollow nanofibers by directly annealing electrospun composite nanofibers was proposed in this work. Though Cheng et al. and Li's group have reported the fabrication of hollow TiO 2 nanofibers [11] and porous SnO 2 nanofibers [12] by the similar technique, respectively; there has been no report about the detailed analysis on the formation mechanism and the growth behavior of nanograins on the nanofiber surface. Generally, the formation mechanism of hollow nanofibers which were fabricated via the electrospinning process, followed by heat treatment is attributed to the decomposition of sacrificial template of organic polymer at the high temperature.
In this work, a systematic investigation into the structures of as-spun nanofiber, the effect of calcination and crystallite growth was conducted for understanding the formation mechanism of SnO 2 hollow nanofibers. In addition, the growth kinetics SnO 2 nanograin in individual nanofiber was also proposed. O was also 1:1, followed by magnetic stirring at ambient temperature. Subsequently, the solution was electrospun from the stainless steel needle with an electrostatic voltage of 18 kV, and formed a fibrous mat on a collector of aluminum foil. The distance between the needle and collector was 22 cm. The electrospun fibers were then calcinated at 600°C for 3 hrs with a heating rate of 0.5°C/min.
Experimental

Structural observations
The structures of the electrospun nanofibers were observed by a scanning electron microscope (SEM; Hitachi S-4800, Japan) and a high-resolution transmission electron microscope (TEM; JEOL-2100, Japan). The electrospinning specimens were sputter coated with gold before SEM observation, while the SnO 2 nanofibers were examined without any further treatment. For TEM observation, the electrospun composited nanofibers were directly collected on the copper grids for about 30 seconds during electrospinning, while the SnO 2 nanofibers were dispersed ultrasonically in ethanol, and then transferred onto copper grids before TEM observation.
XRD and TGA analyses
The crystal structure analysis was performed on D8 Advance X-ray diffraction (Bruker AXS, Germany), over the 2! range of 10-80º. Thermogravimetric studies were carried out using an SDT 851 thermal analyzer system (Mettler, Germany) at a heating rate of 10°C/min.
Surface area measurement
The porosity and specific surface areas of the electrospun fibers were measured by N 2 adsorptiondesorption isotherm at 77 K with a Micromeritics NOVA2000e apparatus (Quantachrome, America). Figure 1 demonstrates the morphologies of the electrospun nanofibers before and after calcination at 600°C. The as-spun PVP/SnO 2 nanofibers have a variable diameter ranged between 50 and 300 nm and form a self-supporting network, as shown in Figure 1a . The TEM image clearly reveals the coreshell structure with clear boundary of a phase sepa- 
Results and discussion 3.1. Structure observations
Formation of porous hollow SnO 2 nanofibers
The forming process of hollow SnO 2 nanofibers experiences 5 stages during electrospinning and calcination. Based on the TEM observations combined TGA/DTGA analysis, the formation process of SnO 2 nanofibrous structures can be traced. At the initial stage during electrospinning, the core-shell fibers are fabricated via single capillary electrospinning from homogeneous polymer-sol-double solvents system due to solvent evaporation and rapid phase separation [13] . Various factors may have strong influences on the morphology of the electrospun fibers due to the complexity of hydrolysis and condensation reactions during the gelation of sol as well as the process of fiber formation. The hydrolysis reaction of SnCl 4 in water is schematically illustrated in Figure 3 . In this work, excessive ethanol was applied to prepare Sn precursor but insufficient H 2 O was used to make it partially hydrolyzed. Thus, the polymerization and polycondensation reactions of tin dioxide could be limited to a very low level. Furthermore, a kind of more volatile solvent ethanol evaporates rapidly at the edge of the fiber and a contrary concentration gradient of ethanol and DMF along the radial direction of the fiber will be formed during electrospinning. Especially, ethanol, the 50% weight ratio of solvents, which was used for preparation tin alkoxide, on the surface of the fibers is too little to form large solvent-rich regions during the phase separation because of the rapid evaporation. The high molecular weight PVP and high concentration solution contribute to retain less ethanol to form porous surface as well. So the smooth and compact surface without any porous structures can be observation by TEM, as revealed in Figure 2 . At the same time, Sn precursor in nature has a very much higher solubility in ethanol than in PVP [14] . So, it would diffuse from the surface to the core of the fiber. As a result, Sn precursor tends to congre- gate at the center of the fiber by the driving force of the concentration gradient of ethanol, resulting in a clear core/shell structure. At the second stage, the first weight loss stage which coincides with the decomposition of PVP chain at the temperature around 280 to 330ºC occurs [15] , as shown in Figure 4 . The core-shell nanofibers still exist though the diameter of fiber decreases and the boundaries between core and shell are blurred, as indicated in Figure 5a . Eventually, the core-shell structure disappears after the second endothermic peak from 350-480ºC (Figure 4 ) due to the almost complete decomposition of PVP, in which the process enters the third stage. At this stage, the Sn precursor on the surface region of the electrospun nanofibers is exposed to air, leading to the decomposition and oxidation of the precursor and resulted in the formation of SnO 2 . Thus some small SnO 2 particles are presented on the surface whereas most Sn precursor inside the fibers remains unreacted due to the absence of oxygen, leading to solid fiber structure with particles on surface, as illustrated in Figure 5b . When the forming process enters the fourth stage which is a complicated transformation process including grain formation, grain growth and grain reorganization. Figure 5c may be one of morphological situation during this process. Nanograins are the main components to build solid body though the fibers appear to be irregular. Finally, the hollow SnO 2 nanofibers are formed with porous nanograins on the shell, as shown in Figure 5d According to TEM observations of the hollow SnO 2 nanofibers formation, it is clearly revealed that PVP and Sn precursor are the main constituents of coreshell as-spun nanofibers. Then PVP is gradually decomposed during the calcination process. In this process, PVP plays the role of sacrificial template, which is the key effect to maintain fibrous structures. The decomposition of PVP, to some extent, reduces the final fiber diameters. The key mechanism responsible for the formation of hollow nanofibers is attributed to the interaction between Sn precursor and SnO 2 which will be discussed in the next section.
Analysis of formation mechanism
As mentioned above, the main components after the complete decomposition of PVP are some SnO 2 particles on the surface region and the massive Sn precursors in the core to form a concentration gradient, which lead to a Kirkendall effect [16] . Kirkendall effect is associated with the phenomenon of a considerable amount of compounds moving in or out of a sphere due to the diffusion coupled with different diffusion rates [17] . When the solid fiber consists of Sn precursor and SnO 2 (Figure 6a ), the outward transport of fast-moving Sn precursor molecules (short as J a in Figure 6 ) move through the oxide layer and a balancing inward flow of vacancies traverse to the vicinity of the Sn precursors and Sn precursors/SnO 2 mixture interface (a/ab interface) and vacancies assisted exchange of material depends on the way of bulk inter-diffusion, as illustrated in Figure 6b . Then, the voids are just like sinks to transfer the inward flux of vacancies (J c = J a -J b ) and the voids coalesce into bigger ones so as to touch the compound layer ab. Such new bridges are established as fast transport paths for the remaining Sn precursors (Figure 6c ). At this stage, the surface diffusion takes over the dominant material transport process because the porous surface owns much lower apparent activation energy than those of bulk diffusion [18] . Sn precursors can be quickly oxidized at the surface of ab layer and redistribute themselves via fast surface diffusion, while the ab layer remains bulk inter-diffusion associated with Kirkendall effect until the whole Sn precursors turn into SnO 2 . Therefore, SnO 2 stands on the shell and vacancies are continuously generated and flow inward to build a hollow core, as shown in Figure 6d . In all, the fibrous structure is established by PVP template and Kirkendall effect contributions to form hollow structure. Furthermore, surface diffusion also plays an important role to build hollow fibers. The surface diffusion is also beneficial to the nanosized grains growth. In the experiments, the annealing time (! 4 hrs) obeys the parabolic kinetic equation of grain growth for isothermal annealing as Equation (1):
where t is the annealing time, D is the average grain size after annealing for time t, D 0 is the initial grain size, m is the grain growth exponent, and K is a temperature dependent rate constant =1.04·10 13 at 600ºC [19] . The average grain size after 3 hrs calcination is obtained by calculating the size of three intense peaks, (110), (101) and (211) of SnO 2 from XRD patterns. When D 0 is neglected, the estimated m value is 13.2, which is inconsistent with the classical grain growth value (m = 2~4) [20] , which means the grain growth of the nanograins observed in the individual nanofibers cannot be primarily ascribed by lattice diffusion in a pore controlled scheme. When the new bridges are established to transport the mass materials as mentioned above, the connection for lattice diffusion are broken and surface diffusion will enhance the local voids, meanwhile acts as the driving force for grain growth, leading to acceleration in the speed of coarse grains by the reduction of the free energy of the system. However, the growth kinetics of nanograins in hollow SnO 2 fibers is complicated and needs further investigation. Heating rate should be studied to control the morphology of fibers while using the temperature and duration of calcination as a tool to obtain desired nanograins on nanofiber surfaces have already been reported by Park et al. in Ref [20] . XRD patterns in Figure 7 confirm the formation of SnO 2 fibers. The fibers after calcination at 300ºC show a broad continuum indicating that the crystallization of tin oxide just starts at this temperature but not sufficient enough to produce the diffraction patterns. However, the XRD patterns of the fibers after calcination at 400ºC show the emergence of tetragonal rutile tin oxide crystals with distinct peaks due to the decomposition of PVP and oxidation of some Sn precursors on the fiber surface. The diffraction peaks become much sharper and well defined after calcination at 500 and 600ºC, without altering their positions but with high intensity because of better crystallization. All the diffraction peaks are indexed to the tetragonal rutile SnO 2 , the only crystalline phase existing in the obtained nanofibers.
Surface areas
Brunauer-Emmett-Teller (BET) gas sorption measurement reveals the surface area of the hollow SnO 2 fibers. The N 2 adsorption-desorption isotherm curve of the porous SnO 2 fibers is shown in Figure 8 . It exhibits the characteristic of mesopore structures, especially even owns an adsorption at high P/P 0 , which was also reported as an aggregation of platelike particles giving rise to slit-shaped pores [21] . The porous structure is confirmed by the SEM observations shown in Figure 1b . The average pore size in the porous SnO 2 fibers is approximately 16.2 nm, and the corresponding BET specific surface area is about 35.8 m 2 /g (BJH method).
Conclusions
In this work, porous hollow SnO 2 nanofibers were successfully prepared by electrospinning technique via a single capillary from PVP/Sn precursors/dual solvents system with calcination treatment. During the electrospinning process, a stringent component matching contributes to core-shell structure which provided advantages for preserving fibrous structures based on sacrificial PVP template. Hollow structures initiated by the Kirkendall effect owing to the concentration gradient of Sn precursors and SnO 2 , suggesting that surface diffusion processes might be the dominant mass flow mechanism responsible for the enlargement of the interior pores after initially formation induced by the Kirkendall effect. This deduction was also confirmed by the calculated grain growth value which was higher than the classical one, which means the grain growth mechanism occurred not only by the lattice diffusion but also through surface diffusion. This mechanism should also apply to the synthesys of other hollow nanofibers. The technique described here will be extendible to many other materials for fabricating such hollow inorganic nanofibers with potential applications in catalysis, microelectronics, and optics.
